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Symbols

c� chord
cf friction coe�cient

cl l ift coe�cient
cp pressure coe�cient

jĉpj Fourier transform modulus of cp, Hz
�2

F Levy-Lees streamwise velocity

F� scaled airfoil surface height, f� = �F�
F1 k-! and � turbulence model blending function

f reduced frequency,
�f�c�

U�1
f� airfoil surface height
f�t airfoil surface velocity
f�x airfoil surface slope

f� frequency, Hz

k turbulence kinetic energy, 1
2[h(u

0)2i+ h(v 0)2i]
M Mach number

Pk turbulence kinetic energy production due to mean rate of strain
P! turbulence dissipation rate production due to mean rate of strain

p pressure
Rij Reynolds stress tensor
R1 ; :: : boundary layer density perturbations

Re Reynolds number
Sij mean velocity rate of strain tensor

T temperature
t time

U1 ; eV1 ; : :: boundary layer velocity perturbations
U1 free-stream velocity

ue boundary layer edge velocity
u� friction velocity
hu0v0i Reynolds shear stress

h(u0)2i; h(v 0)2i Reynolds normal stresses
V Levy-Lees normal velocity component

x; y coordinates nondimensionalized by chord
Y scaled boundary layer coordinate

� angle of attack
�l boundary layer growth factor, 2�
�n turbulence model coe�cient sets 1 and 2


n k-! turbulence model coe�cient
� boundary layer displacement thickness

�ij Kroneker delta
�1 scaled boundary layer displacement thickness

� boundary layer expansion parameter, 0(Re�1=2) as Re ! 1

� boundary layer normal coordinate

�1 ; : :: boundary layer temperature perturbations
� Levy-Lees temperature
� molecular viscosity

�T eddy viscosity
�T kinematic eddy viscosity

� boundary layer streamwise coordinate

v



� density

�k;n dissipation coe�cient for turbulence kinetic energy equation

�!;n dissipation coe�cient for turbulence dissipation rate equation

� Reynolds stress

�w wall shear

� perturbation velocity potential

'n coe�cients for turbulence models 1 and 2 blending


 boundary layer vorticity

! speci�c turbulence dissipation rate

Subscripts:

ave average

comp computed

e boundary layer edge

exp experimental

min minimum

1 free-stream value

� upper, lower surface

Superscript:

� dimensional value

Abbreviations:

b.l. boundary layer

CAP Computational Aeroelasticity Program

IBL interactive boundary layer

J-K Johnson-King

N-S Navier-Stokes

SA Spalart-Allmaras

SST shear stress transport

TLNS thin-layer Navier-Stokes

TSD transonic small disturbance

vi



ue� = 5�l
1=2Re�1=2 and �w = 5�l

�1=2Re�1=2. The outer boundary value of kinematic eddy

viscosity as used here is given by �T = (10)m�T0 (m = �1; 0; 1) and �T0 = 0:089ue�Re
1=2. The

parameter m allows varying the free-stream kinematic eddy viscosity and kinetic energy.

Thin-Layer Navier-Stokes Turbulence Model Equations

Two turbulence models are used in the thin-layer Navier-Stokes computations. They are the
Menter SST version of the k-! turbulence model and the SA model. The manner in which the

k-! model is implemented in the thin-layer Navier-Stokes code di�ers in several ways from the
way it is implemented in the interactive boundary layer code. For that reason the k-! model
equations are repeated here. The k-! SST model equations can be written in the form

�
@k

@t
+ �uj

@k

@xj
= Pk Re

�1 � ���!k Re +
@
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�
(� + �k;n�T )

@ k

@xj

�
Re�1

�
@!

@t
+ �uj

@!

@xj
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�1 � ��!2 Re + 2��!;2
1

!
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@xj

@!

@xj
F1 Re

�1
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�
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�
Re�1

9>>>>>>>>>=
>>>>>>>>>;

(11)

The eddy viscosity is given by

�T = min

�
�k

!
;
a1�k


F2
Re

�

The production terms are approximated by

Pk = �T

2

P! = 
�
2

where 
 is the magnitude of boundary layer vorticity @u=@y . Note that this di�ers from
the production terms used in the interactive boundary layer method where an additional
production/destruction term is included. The e�ect of the di�erence would be to reduce the

turbulence production in a favorable pressure gradient in the interactive boundary layer solution
relative to that of the thin-layer Navier-Stokes solution. The constants are calculated from
� = (1 � F1)�1 + F1�2, where �1 and �2 are the constants given here:

�k;1 = 0:85 �!;1 = 0:500 �1 = 0:0750

�k;2 = 1:00 �!;2 = 0:856 �2 = 0:0828

�� = 0:09 F1 = 1� tanh(�4)

� = min[max(�1 ;�3); �2]

�1 =
500�

y2

Re�2 �2 =

4��2k

y2CDk-!
�3 =

p
k

C�!y
Re�1

CDk-! = max

�
�
2�2
!

@k

@xj

@!

@xj
; 1 � 10�20

�

F2 = tanh � � = max(2�3 ;�1)
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>>>>>>>>>>>>>>>>>>>>>;

(12)
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Experiment
Present IBL (k-ω SST)
Integral IBL (zero equation) (ref. 28)
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Figure 2. Friction coe�cients for RAE 2822 airfoil, AGARD case 9, at Mexp = 0:73; � = 3:19� ; and Re = 6:5� 106.
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Figure 3. Displacement thicknesses for RAE 2822 airfoil, AGARD case 9, at Mexp = 0:73;� = 3:19�; and

Re = 6:5 � 106.
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85 normal b.l. grids
175 normal b.l. grids
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Figure 4. E�ect of boundary layer grid stretching for AGARD case 9 at Mexp = 0:73;� = 3:19�; andRe = 6:5� 106.
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Results using the present interactive boundary layer method are shown with experiment and

with other computational results for AGARD case 6. As seen in �gure 5, the present results

are not quite as good as the very good match of the previous case, although the displacement

thickness, seen in �gure 6, appears to match experiment well. Since the present method employs

a �nite di�erencing of the boundary layer, velocity pro�les are also presented in �gure 7. Again,

except where boundary layer recovery is somewhat too rapid, the results are very good.

Experiment
Present IBL (k-ω SST)
Integral IBL (one equation) (ref. 15)

2

1

0

–1

–2

x

–cp

0 .2 .4 .6 .8 1.0

Figure 5. Pressure coe�cients for RAE 2822 airfoil, AGARD case 6, at Mexp = 0:725; � = 2:92� ; and Re = 6:5� 106.
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Integral IBL (one equation) (ref. 15)
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.02

.01

Figure 6. Displacement thicknesses for RAE 2822 airfoil, AGARD case 6, at Mexp = 0:725; � = 2:92� ; and Re = 6:5� 106.
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x =  0.650
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Figure 7. Boundary layer velocity pro�les for AGARD case 6 at Mexp = 0:725;� = 2:92�, and Re = 6:5� 106.

The conditions so far, with mild viscous-inviscid interaction, have been quite easy. AGARD

case 10 is more challenging and takes 3{4 times longer to compute than the previous cases. The

integral interactive boundary layer computations of references 15 and29 are presented in �gure 8,

and the Navier-Stokes computations of reference 30 using the Johnson-King model are also

presented in �gure 8. The computations of the other references are atM = 0:75 and � = 2:81�.

With the present method, at � = 2:81�, the solution exhibited growing shock oscillations and

required a reduction to � = 2:70� to reach a steady state. At this angle, the present results

represent a very goodmatch with both experiment and the Navier-Stokes results of reference 30.

Finally, note that the accuracy of the present interactive boundary layer computations for all

these AGARD cases, which is superior to the integral boundary layer results shown here, may

su�ciently justify the present use of a �nite di�erenced boundary layer rather than the empirical

and sometimes ad hoc closure relations used in integral boundary layer methods.
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Experiment
Present IBL (k-ω SST)
Integral IBL (one equation) (ref. 15)
Integral IBL (one equation) (ref. 29)
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Present IBL (k-ω SST)
N-S (J-K model) (ref. 30)
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x

0 .2 .4 .6 .8 1.0
x

Figure 8. Pressure coe�cients for RAE 2822 airfoil, AGARD case 10, atMexp = 0:75 and Re = 6:2 � 106.

NACA 64A010 Airfoil

A steady state solution using the present interactive boundary layer method and the k-!

SST model has been computed for the NACA 64A010 airfoil at an angle of attack of 2�

M1 = 0:80, and Re = 2� 106. At an angle of attack of 2�, the computed 
ow �eld separates

over approximately 6 percent of the chord, representing a case for which the boundary layer

has signi�cant shock separation and yet the available experimental data appear to be steady.

Thin layer Navier-Stokes results from using the k-! SST turbulence model and experiment,

both from reference 21, are presented in �gure 9 for comparison with the presently computed

interactive boundary layer results. The present SST model results compare quite well with the

Navier-Stokes results except near the leading edge and at the shock location.

17



Experiment (ref. 21)
Present IBL (k-ω SST)
TLNS (k-ω SST) (ref. 21)

1

0

–1

–2

x
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0 .2 .4 .6 .8 1.0

Figure 9. Pressure coe�cients for NACA 64A010 airfoil at M1 = 0:80;� = 2:0� , and Re = 2� 106.

NACA 0012 Airfoil

The present interactive boundary layer and thin-layer Navier-Stokes computations both,

using the k-! SST turbulence model, are presented for a steady condition of reference 8 near

shock bu�et onset. The thin-layer Navier-Stokes computations use Roe's 
ux di�erence splitting

with up-wind biased third-order di�erencing and 
ux limiter. Multigrid is used to accelerate

convergence at each time step. The k-! SST turbulence model used in the thin-layer Navier-

Stokes computations is identical to that of reference 21. The only structural di�erences between

that and the present interactive boundary layer implementation is the inclusion in the interactive

boundary layer model of the production term proportional to kinetic energy, slight di�erences

in the coe�cients, and a di�erent blending function.

For the Navier-Stokes computations, several C-grids were tried having various spacings. Each

grid gave qualitatively similar results. The grid used in computing the results shown here is

moderately �ne, with dimensions of 297 by 121. This grid extends 10 chords downstream and

9 chords away from the airfoil. Outer boundary conditions are for free air. Normal wall spacing

is �y+ � 5. The inner portion of this grid is shown in �gure 10. The grid used in the interactive

boundary layer computation is the �ne grid discussed earlier.

For reference purposes, the thin-layer Navier-Stokes pressure distribution and that from the

present interactive boundary layer method are presented in �gure 11 for a steady condition just

below onset at M1 = 0:775, � = 2:05�, and Re = 10� 106. From 5 to 10 percent chord on

the upper surface, aft of the shock, and a portion of the lower surface are the only areas where

the two computations di�er slightly. Since the authors of reference 2 found that turbulence has

a signi�cant impact on bu�et computations, an examination of Reynolds stress levels for this

steady condition by the two methods is in order. A comparison of the data in �gure 12 shows

that the interactive boundary layer gives peak values that are less than half those produced

by the thin-layer Navier-Stokes implementation up to at least 5 percent chord. The thin-layer

Navier-Stokes method on the other hand is producing relatively constant peak turbulence levels

from the leading edge with no evidence of transition. The di�erence in levels at x = 0:44 re
ects

a slight di�erence in shock location. Otherwise a signi�cantly higher turbulence level is produced

by the interactive boundary layer in the outer wake area of the boundary layer combined with

a correspondingly thicker boundary layer from the shock to the trailing edge.
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This case, just below the experimental shock bu�et onset of reference 8, is presented in

anticipation of the unsteady computations shown next. Although the thin-layer Navier-Stokes

and interactive boundary layer computations of the shock bu�et for the supercritical airfoil show

good agreement, the shock bu�et computations for the NACA 0012 airfoil with the two methods

are shown next to give considerably di�erent results.

Figure 10. Near �eld of thin-layer Navier-Stokes grid.

Experiment (ref. 8)
Present IBL (k-ω SST)
Present TLNS (k-ω SST)

–cp

x
.50

1.5

1.0

.5

.0

–.5

–1.0

–1.5
1.0

Figure 11. Pressure coe�cients for NACA 0012 airfoil at M
1

= 0:775; � = 2:05� ; and Re = 10� 106.
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Figure 12. Boundary layer pro�les for k-! SST model at M1 = 0:775;� = 2:05�, and Re = 10� 106.
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Unsteady Computations

NASA SC(2)-0714 Airfoil

The present interactive boundary layer and thin-layer Navier-Stokes methods have been used

to compute in the shock bu�et onset region of the NASA SC(2)-0714 airfoil , corresponding to
Mexp = 0:74 of �gure 13. The conditions shown in that �gure are from the experimental data
set discussed in reference 13 from a high Reynolds number wind tunnel test conducted in the

Langley 0.3-Meter Transonic Cryogenic Tunnel. The purpose of this test was to provide data
of transonic conditions of a �xed and pitching NASA SC(2)-0714 airfoil through a range of
Reynolds numbers. Reference 13 documents cases for �xed angles of attack from that test, some

of which show shock bu�et. These data are signi�cant in the present context not only because
shock bu�et is displayed but because a slight Reynolds scaling is revealed in the onset location.

The data require, however, signi�cant correction for wind tunnel e�ects such as downwash or
Mach number. For instance, based on the theory of reference 31, at cl = 0:93, the angle of
attack corrected to account for induced downwash would be �� = �1:6� . The corrected Mach

numbers for this wind tunnel are found in reference 32. Only the Mach number corrections are
used in the computations to follow.

The experimental conditions showing shock bu�et are cases 5 and 7 in �gure 13 which are at

Mexp = 0:74, � = 3:0� , and Re = 15 � 106 and 30 � 106, respectively. Those experimental data
display a Reynolds scaling e�ect in the location of the shock bu�et onset, a feature that is also
shown in the present computations. In the computations that follow, the critical point at which

onset occurred was found by increasing the angle of attack by increments of 0:2� until onset
occurs and interpolating to the bifurcation point. The bifurcation point location was inferred

by the relative decay or growth rates of the shock oscillation at successive angles of attack. To
assess the sensitivity of these computations to the grid used, this procedure was repeated with
the three grids discussed previously. The bu�et boundary was identical for all to within �0:1�.

Based on this result, the shock bu�et interactive boundary layer computations were made with
the �nest of the three interactive boundary layer grids.

5

4

3

2

1

α,
deg

Mexp

.71

Cases 1–3; Re = 6 × 106, 15 × 106, and 30 × 106

Cases 4 and 6; Re = 15 × 106 and 30 × 106

Cases 5 and 7; Re = 15 × 106 and 30 × 106

.72 .73 .74

Estimated experimental
shock buffet

.75 .76

Figure 13. Experimental data (ref. 13) for NASA SC(2)-0714 airfoil, steady and unsteady cases.
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Interactive boundary layer results shown in the �gures discussed subsequently are compared
with experimental data from reference 13. As seen in �gure 14, computed onset is very near

the angle of attack of the experimental shock bu�et at � = 3:0� , but the solution reveals a
slight Reynolds number e�ect. This e�ect is made clearer by the unsteady pressure coe�cient

moduli plotted in �gure 15 for solutions at successive angles of attack. Quite near bu�et onset, a
di�erence in intensity at di�erent Reynolds numbers exists whereas deeper into bu�et, di�erence
diminishes. The similarity of the solutions near bu�et onset with the data shown in �gure 16

suggests that the experimental conditions are also very near shock bu�et onset. Figure 17
presents computed and experimental upper surface mean pressure coe�cient distributions for

cases 5 and 7. The computed mean cp chordwise distributions in �gure 17 and the normalized
unsteady jbcpj distributions in �gure 15 suggest that the angle of attack to match the experiment
at �exp = 3:0� should be computed at an angle of attack close to that angle. On the other

hand, �gure 18 shows the computed frequency approaching experiment slightly as the angle of
attack is increased to 3:4� . This feature and the fact that the corrected angle of attack based on

reference 31 would be �corr = 1:4� is somewhat puzzling. The experimentally observed rearward
shift of the shock oscillations with increasing Reynolds number is also not represented in the
numerical solutions. The computations place the region of shock oscillation several percent

forward at the higher Reynolds number.

Thin-layerNavier-Stokes computations with the SA model are shown next, for conditions near
the shock bu�et case 5 of �gure 13 at a Reynolds number of 15� 106. The grid used had mesh

spacing essentially the same as that used in the steady NACA 0012 thin-layer Navier-Stokes
computations discussed earlier. Wall spacing is �y+ � 6. To initiate the thin-layer Navier-
Stokes computations, a steady solution at an angle of attack several degrees below experimental

bu�et onset was obtained. Second-order time accurate computations were begun with step jumps

4

3

2

1

α,
deg

Reynolds number

Present IBL, steady 

Present IBL, steady 
cases 4 and 6

Present IBL, computed
buffet onset

1510 20 25 30 35 × 106

Estimated experimental
shock buffet

Figure 14. Computed shock bu�et onset for NASA SC(2)-0714 airfoil, k-! SST model, at Mcomp = 0:725 and

Mexp = 0:74.
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in the angle of attack with an amplitude of �2� to approximate a single shock oscillation; this
was used to initiate the shock bu�et. A time step size of 0:04 (nondimensionalized by speed of

sound) was used for the time accurate computations with 4{5 subiterations per time step and
multigrid. The computations were continued to either a steady state or a converged limit cycle

oscillation.

cp 
2

3.0
3.0
3.1
3.1
3.4
3.4

No buffet
15 × 106

30
15
30
15
30

αcomp,
deg

Re

x
0

∨

∨

1.0

.5

.2 .4 .6 .8 1.0

max
cp 

2

Figure 15. Shock bu�eting normalized moduli for NASA SC(2)-0714 airfoil at Mcomp = 0:725 on upper surface.

Present IBL.

69
73

15 × 106

30

f*,
Hz

Re

x
0

.00015

.00010

.00005

.2 .4 .6 .8 1.0

cp 
2

,

Hz–2

∨

Figure 16. Shock bu�et moduli for NASA SC(2)-0714 airfoil at peak frequencies for cases 5 and 7 at Mexp = 0:74

and �exp = 3:0� on upper surface. Experimental data from reference 13.
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30
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Experiment

αcomp,
deg

Re

x

–cp

–cp,cr

.20 .4 .6 .8 1.0

3

2

1

0

–1

Figure 17. Shock bu�et mean pressure coe�cients for NASA SC(2)-0714 airfoil at Mcomp = 0:725 on upper surface.

This procedure was repeated at successive angles of attack at increments of 1=2�. The results
of these computations are shown in �gures 18 to 22. These results compare reasonably well

with experiment as well as with the IBL computations. Onset of shock bu�et occurs between
the angles of attack from 3� to 3:5�; this is compared with an onset at an angle of attack of

2:97� from the IBL computation. The cl trace of �gure 20 shows shock oscillations at � = 3:5�

having reached converged limit cycle behavior, the frequency of which is quite close to that of
experiment. (See �g. 18.) The interactive boundary layer and thin-layer Navier-Stokes mean

cp distributions in �gure 21 are in moderate agreement, although the thin-layer Navier-Stokes
computation is in somewhat better agreementwith experiment in the shock region. The pressure

recovery toward the trailing edge is also somewhat more rapid in the interactive boundary layer
solution. Figure 22 shows experimental chordwise distributions of jbcpj normalized to peak values
of the fundamental along with those of the interactive boundary layer and thin-layer Navier-

Stokes computations. The relative magnitudes of the computed fundamental and �rst harmonic
match experiment very well, although in both the chordwise extent of the shock oscillation is

forward of experiment. Both underestimate the overall extent as well. For example, the shock
motion extent in the thin-layer Navier-Stokes computation is roughly half that of the experiment.

This comparison of both computed results with experiment o�ers hope that both the
interactive boundary layer and the thin-layer Navier-Stokes methods give a reasonably accurate

computation of shock bu�et onset. As seen in the next section this view may be premature.
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Figure 18. Shock bu�et frequencies for NASA SC(2)-0714 airfoil for case 5.
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Figure 19. Computed shock bu�et onset for NASA SC(2)-0714 airfoil, SA model, at Mcomp = 0:725 andMexp = 0:74.
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Figure 20. Shock bu�et lift coe�cients for NASA SC(2)-0714 airfoil, SA model, at Mcomp = 0:725; �comp = 3:50�;
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Figure 22. Shock bu�et normalized moduli for NASA SC(2)-0714 airfoil, fundamental and harmonic, case 5, at
Mcomp = 0:725 and �comp = 3:10� (IBL) and 3:5� (TLNS) on upper surface.
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NACA 0012 Airfoil

The present interactive boundary layer and thin-layer Navier-Stokes methods have been used

to compute in the shock bu�et onset region of the NACA 0012 airfoil. In view of the sensitivity of

shock bu�et to turbulence modeling observed in other studies and the extensive data available

for this airfoil, an analysis has been made of the e�ect of turbulence model parameters on

bu�et onset with the interactive boundary layer model. For the interactive boundary layer

computations, the medium resolution grid was used in comparisons of turbulence models to

reduce computation times. The time step was 0:012 with 2 to 3 boundary layer subiterations

per time step. In assessing onset location for each of the turbulence models, the angle of attack

was successively increased by increments of 0:2� . Onset was taken as the �rst angle at which

computed oscillations continued to grow after several initial cycles of transient shock oscil lations

had passed.

The bu�et boundaries found by using the present interactive boundary layer method and

other published results along with the experimental values from reference 8 are shown in �gure 23.

The k-! SST turbulence model uniformly gives the boundary lower than the other turbulence

models and overall represents the best match of all the models. Both the Wilcox one and two

layer models appear to give only slight improvement over results with an algebraic model. From

�gure 24, there is also a rather modest decrease in onset angle with decrease in the value of

turbulence kinetic energy k at the boundary layer edge corresponding to a lower free-stream

turbulence level.

The thin-layer Navier-Stokes shock bu�et onset computations for this airfoil were done with

both the k-! SST and the SA turbulence models. The same procedure was used for these com-

putations as for the supercritical airfoil. To initiali ze, a steady state solution was obtained at

an angle of attack of 2� below experimental bu�et onset. A steady lift coe�cient was obtained.

Second-order time accurate computations were begun by using time steps of 0:005 and 0:04

with the k-! SST and SA turbulence models, respectively. Step jumps in the angle of attack

with anamplitude of�2� simulating a single shock oscillationwere used to start the shock bu�et.
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Figure 23. Computed shock bu�et onset found by

various turbulence models and experiment for
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Figure 24. E�ect of boundary layer edge turbulence
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IBL.
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Computations were completed with the two turbulence models at the highest Mach number at
a �nal angle of attack well into the bu�et region. Because of a time step restriction, apparently

imposed by the k-! SST model, this is the only unsteady computation that has been made by
using that model. Although comparison of the SA and the k-! SST model results are not shown,

computation con�rmed that the two models give very similar results in the shock bu�et region
and that the ensuing thin-layer Navier-Stokes computations could be concluded with the SA
model alone. Accordingly, all unsteady results shown have been computed with the SA model.

The results of this investigation are shown in �gures 25 and 26. At M1 = 0:775 and

� = 4:0�, the cl oscil lation amplitude had damped to about 10 percent of the peak excursion
1 1=2 cycles after the driving force was eliminated. (See �g. 26(a).) Computations several cycles

farther showed oscillations continuing to damp out. Although skin friction is not shown, the
�nal steady state solution has a signi�cant shock separation that marginally reattaches just
before the trailing edge. This procedure was repeated at higher angles of attack with a similar

level of damping. Computations at M1 = 0:75 over a range of angle of attack give slightly less
damped shock oscillations, whereas at a Mach number of 0:725 the shock oscillations are even

less damped. These results have been obtained with the turbulence model computed throughout
the 
ow �eld. The e�ect of a turbulent transition occurring in the 10-percent-chord range has
been simulated as well by turning the turbulence production terms on at 10 percent chord with

zero turbulence production ahead of that point. This e�ectively creates a laminar 
ow in the
leading edge region. As seen in �gure 26(b), computing the turbulence from the leading edge

and starting at 10 percent chord appeared to have little e�ect on the outcome. A variation in
the level of damping is also seen at the lower Mach number. At � = 6� , just beyond onset,
the oscil lations die out slowly, whereas at � = 9� the oscillations are again strongly damped.

(Compare �g. 26(b) with �g. 26(c).) It is interesting to note a variation in amplitude in the
limit cycle shock bu�et with angle of attack in the interactive boundary layer computations of
reference 7 for this airfoil.

In summary, thin-layer Navier-Stokes computations with the NASA SC(2)-0714 airfoil have
shown sustained shock bu�et that compares well with experiment. The present thin-layer Navier-
Stokes computations with the NACA 0012 airfoil have shown moderate to strongly damped shock
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Figure 25. Shock bu�et onset for NACA 0012 airfoil.
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Figure 26. Computed lift coe�c ients for NACA 0012 airfoil at Re = 10 � 106.
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osci llation, with no evidence of a developing limit cycle shock bu�et. Turbulence transition
location does not signi�cantly alter this situation for the NACA 0012 airfoil. A limited e�ort

at re�nement of the TLNS grid likewise has not resulted in sustained shock oscillations. As
for di�erences in the solutions of the two airfoils, clearly the supercritical airfoil has a stronger

viscous-inviscid interaction behind the shock than does the conventional airfoil; this can be seen
in the comparison of the skin friction for the two airfoils shown in �gure 27. This and the fact
that di�erences in the amount of trailing edge separation due to Reynolds scaling e�ects result

in somewhat di�erent onset locations at di�erent Reynolds numbers for the NASA SC(2)-0714
airfoil tend to con�rm that trailing edge interaction has a considerable e�ect on the onset of

shock bu�et. Geometry certainly plays a role, the e�ect of which has not been fully explored in
this report.
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ReAirfoil
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cf

.2 .4 .6 .8 1.0

.010

.005

0
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Figure 27. Skin friction coe�cients for two airfoils atM
1

= 0:725 and � = 3:0� . Present TLNS.

Concluding Remarks

An interactive boundary layer method using a transonic small disturbance, potential outer

ow model with an Euler-l ike streamwise 
ux has been coupled with several variations of the
k-! turbulence model. This method has been found to compute very accurately many standard

steady transonic test cases. Several steady computations have shown that the interactive
boundary layer method is capable of giving results that compare very well with thin-layer Navier-

Stokes results. Turbulence levels di�ered in some minor respects between the two methods, but
in general, these results con�rm that the interactive boundary layer method is capable of quite
good accuracy. This accuracy, which is superior to many other integral boundary layer results,

is also justi�cation for the use of a �nite di�erenced boundary layer, showing the boundary layer
method at its best, rather than resorting to the more widely used empirical and sometimes ad

hoc closure relations used in integral boundary layer methods.

With the interactive boundary layer method, a study has been made of the 
ow and
turbulence modeling necessary to accurately model shock bu�et onset. Both the interactive
boundary layer and a thin-layer Navier-Stokesmethod have been employed. Computations using

the two methods in the shock bu�et region of a 14-percent-thick supercritical airfoil compare
well with experiment. These results suggest that both methods are capable of modeling shock

bu�et onset of that airfoil quite well.
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Variants of the k-! turbulence model with the interactive boundary layer method have been
used to compute shock bu�et onset for the NACA 0012 airfoil . These solutions con�rm that

turbulence model has an in
uence on the accuracy of the computed onset location most notably
at higher Mach numbers. When comparing the interactive boundary layer and thin-layer Navier-

Stokes computations, the results from the two methods were found to be quite di�erent when
computing the shock bu�et of the NACA 0012 airfoil. The shock bu�et onset computed with the
interactive boundary layer and the k-! SST (shear stress transport) turbulence model compares

well with the onset of shock bu�et seen in the data of NASA TP-2485. In contrast, the present
thin-layer Navier-Stokes computations have uniformly shown damped shock oscillations well

into the shock bu�et region. Transition locations �xed respectively at the leading edge and at
10 percent chord were found to yield qualitatively similar thin-layer Navier-Stokes results.

From the computed results, the supercritical airfoil has a much stronger viscous-inviscid
interaction behind the shock than the conventional airfoil. Trailing-edge viscous-inviscid

interaction has been shown by these results to have a considerable e�ect on the onset of shock
bu�et. What remains to be assessed computationally is the in
uence of wind tunnel walls and

the e�ect of the numerical accuracy of the thin-layer Navier-Stokes scheme used in this report.

NASA Langley Research Center
Hampton, VA 23681-2199
October 8, 1997
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